The reticulum is the second part of the ruminant forestomach, located between the rumen and 25 the omasum and characterised by a honeycomb-like internal mucosa. With its fluid contents, 26 it plays a decisive role in particle separation. Differences among species have been linked to 27 feeding style. We investigated whether reticulum size (absolute and in relation to rumen size) 28 and size of the crests that form the mucosal honeycomb pattern differ among over 60 29 ruminant species of various body sizes and feeding type, controlling for phylogeny. Linear 30 dimensions generally scaled allometrically, i.e. to body mass 0.33 . With or without controlling 31 for phylogeny, species that ingest a higher proportion of grass in their natural diet had both 32 significantly larger (higher) rumens and higher reticular mucosa crests, but neither reticulum 33 height nor reticulum width varied with feeding type. The height of the reticular mucosa crests 34 represents a dietary adaptation in ruminants. We suggest that the reticular honeycomb 35 structures do not separate particles by acting as traps (neither for small nor for large particles), 36 but that the structures reduce the lumen of the reticulum during contractions -at varying 37 degrees of completeness in the different feeding types. In browsing species with rumen 38 contents that may be less fluid and more viscous than those of the reticulum, incomplete 39 closure of the lumen may allow the reticulum to retain the fluid necessary for particle 40 separation. In grazing species, whose rumen contents are more stratified with a larger distinct 41 fluid pool, a more complete closure of the reticular lumen due to higher crests may be 42 beneficial as the reticulum can quickly re-fill with fluid rumen contents that contain pre-43 sorted particles. 44
Summary 24
The reticulum is the second part of the ruminant forestomach, located between the rumen and 25 the omasum and characterised by a honeycomb-like internal mucosa. With its fluid contents, 26 it plays a decisive role in particle separation. Differences among species have been linked to 27 feeding style. We investigated whether reticulum size (absolute and in relation to rumen size) 28 and size of the crests that form the mucosal honeycomb pattern differ among over 60 29 ruminant species of various body sizes and feeding type, controlling for phylogeny. Linear 30 dimensions generally scaled allometrically, i.e. to body mass 0.33 . With or without controlling 31 for phylogeny, species that ingest a higher proportion of grass in their natural diet had both 32 significantly larger (higher) rumens and higher reticular mucosa crests, but neither reticulum 33 height nor reticulum width varied with feeding type. The height of the reticular mucosa crests 34 represents a dietary adaptation in ruminants. We suggest that the reticular honeycomb 35 structures do not separate particles by acting as traps (neither for small nor for large particles), 36 but that the structures reduce the lumen of the reticulum during contractions -at varying 37 degrees of completeness in the different feeding types. In browsing species with rumen 38 contents that may be less fluid and more viscous than those of the reticulum, incomplete 39
Introduction 46
The process of rumination and the complicated forestomach of ruminants have 47 fascinated scientists for centuries (Peyer 1685 , Haubner 1837 . Apart from fermenting plant 48 material, which the ruminant forestomach shares with the foregut or hindgut of many other 49 herbivores (Stevens & Hume 1998) , the forestomachs of ruminants and camelids have a 50 unique sorting function (Schwarm et al. 2008 , Schwarm et al. 2009a ) which ensures that large 51 ingesta particles are regurgitated and re-masticated (Fritz et al. 2009 ). This sorting mechanism 52 facilitates a high digestive efficiency (Clauss et al. 2009d ) at comparatively high intakes in 53 ruminants, especially when compared to other foregut fermenters (Schwarm et al. 2009b) . 54
The second section of the ruminant forestomach, the reticulum, has long been 55 recognised in domestic ruminants as the site of particle sorting (Reid 1985 floating particles into the rumen, while the opening of the reticulo-omasal orifice allows the 60 passage of fluids and finer, denser particles; in the second contraction phase, the reticulum 61 contracts completely in cattle so that its lumen disappears, and the then empty reticulum 62 relaxes and re-fills again with contents from the ventral rumen with a high proportion of 63
fluids. An important precondition for the sorting function, apart from the precise timing of 64 contractions and opening of the reticulo-omasal orifice, is the correlation between density and 65 size of reticuloruminal contents -smaller particles are usually more dense, and are hence 66 passed on to the omasum by the reticulum (Sutherland 1988 species with a higher proportion of grass in their natural diet would 105 have higher (taller) reticular crests than similar-sized species with a lower proportion 106 of grass in their natural diet. 107
In interpreting the results, we offer a potentially novel explanation of the functional 108 significance of reticular crests. 109
110

Methods
111
The core of the data originated from the second author and was supplemented with data 112 from other sources (Table 1) . Additional animals were obtained over years from from hunts in 113
Germany, Austria, Switzerland, Finland, Canada, Botswana, Namibia and South Africa, and 114 from European zoological gardens; because studies that document and influence of diet on the 115 size of reticular crests are lacking, captive animals were also included (but marked in Table  116 1). The external measurements taken included the linear height of the rumen, the linear height 117 of the reticulum (from the cardia to the ventral border of the reticulum), the linear width of the 118 reticulum at its widest point, all measured in exenterated stomachs, and the maximal height of 119 the reticular crests. Body masses were from the original sources but represent estimates in 120 several cases. In the data reported here for the first time, body mass (BM) was always 121 determined either by weighing the whole animal prior to dissection or using the bilateral 122 masseter mass as a substitute measure according to Axmacher and Hofmann (1988) . 123
Following Langer (1988), who calculated a ratio dividing reticulum height by the height of 124 the abdominal cavity (thereby effectively removing the influence of body mass), we 125 calculated the height ratio of reticulum:rumen to test whether, in relation to rumen size, the 126 reticulum differed with feeding type. To achieve a normal distribution of residuals, linear 127 measurements and the height ratio were ln-transformed. Because our expectation of an 128 allometric scaling of linear measurements with body mass was confirmed, we also expressed 129 linear measurements relative to BM 0.33 (i.e., mm/kg 0.33 or cm/kg 0.33 ) for a visualisation of 130
results. 131
As in more recent evaluations of the influence of adaptation to the natural diet in 132 ruminants (Clauss, Kaiser & Hummel 2008), the percentage of grass in the natural diet 133 (%grass) was used to characterize species on a continuous scale. The bulk of the respective 134 data was taken from Van Wieren (1996) and from the data collection that formed the basis of 135
Owen-Smith (1997, data kindly provided by the author), which were supplemented by several 136 other publications (Table 1) . Whenever seasonal data was available, the %grass used to 137 characterise a species represents the mean of the values from different seasons. This literature 138 data was collated from a variety of sources and methods, and does not represent the actual 139 diet ingested by the individuals measured in this study. Species were categorized as browsers, 140 intermediate feeders, or grazers according to Hofmann (1985 Hofmann ( , 1988 Hofmann ( , 1989 Hofmann ( , 1991 Hofmann ( , 2000 and 141 Hofmann et al. (1995) . was assessed by a reliability percentage after 10000 quartet puzzling steps; only nodes with 174 more than 50% support were retained. The resulting tree is displayed in Figure 3 
Results
200
Linear measurements were all significantly correlated to body mass, and 0.33 was 201 included in the 95 % confidence interval for the allometric exponent except for reticulum 202 width (Table 2) . Rumen height and reticular crest height were both significantly correlated 203 with the percentage of grass in the natural diet, but reticulum height and width were not ( Fig.  204 4, Table 2 ). Correspondingly, the relative rumen and reticular crest height (expressed per 205 BM 0.33 ) showed an increase with %grass ( Fig. 5a, d ). In contrast, the relative reticulum height 206 ( the Phylogenetic Generalized Least-Squares approach confirmed these findings (Table 3) . 208
The correlation between %grass and the logarithm of the ratio reticulum/rumen height 209 was negative ( The results confirmed that linear measurements of the rumen and reticulum followed 215 expected allometric relationships of body mass 0.33 ; they also indicate strong convergent 216 evolution of the internal muscosa of the reticulum with dietary niche in ruminants. In contrast 217
to the expectations, however, external measurements of the reticulum ('reticulum size') do not 218 vary systematically with the natural diet. 219
The finding that rumen size differs with diet ( intake-limiting effect of longer retention by larger rumen capacities. Interestingly, however, 224 this does not translate into an increased reticulum size in grazers (Fig. 4bc, 5b , Tables 2 and  225 3), and the combination of the two findings leads to the observation that the reticulum : rumen 226 ratio actually decreases with an increasing proportion of grass in the natural diet (Fig. 5c) . 227
The effect, however, is small (low r 2 ), and not significant after phylogenetic control. Thus browsers and grazers appear to be equally efficient at sorting particles and ensuring a 244 selective retention of the larger, more buoyant particle fraction. 245
The conclusion that ruminants have an effective particle sorting mechanism irrespective 246 of feeding type fits the functional concept of the reticulum outlined in the Introduction, which 247 is largely independent of an assumed functional involvement of the reticular crests and 248 honeycomb structures themselves. If the crests had a crucial function in reticular sorting 249 mechanism, the smaller crests in browsing ruminants (Fig. 4d, 5d , Tables 2 and 3) should  250 reduce the sorting efficiency in this group, but this is not the case. A major prerequisite for the 251 separation mechanism as demonstrated in domestic ruminants (Sutherland 1988 High-density material in the reticulum will settle into the honeycomb structures, as in 265 slaughtered cattle (Grau 1955) , as observed endoscopically in a goat whose reticulorumen had 266 been filled with grains and a transparent saline solution (Ehrlein 1979) , and as demonstrated 267 in live sheep dosed with radio-opaque, highly dense iron sand (Reid 1985) . While such 268 observations intuitively lead to assume an associated function, the density-dependent sorting 269 would work equally well if the reticular wall were smooth (as in some extreme browsers with 270 very shallow crests), because dense material would still be located at the bottom of the 271 reticulum and be transported towards the reticulo-omasal orifice during a reticular 272 contraction. 273
We propose that the mechanical function of the reticular crests is linked to the reticular 274 contractions and the associated reduction of the reticular lumen. A major prerequisite for the 275 particle sorting mechanism based on buoyancy characteristics of particles is a fluid medium in 276 which particles can actually float or sink. Therefore, invariably, the ingesta in the reticulum 277 ruminal ingesta differs, a contraction of the reticulum with complete closure of its lumen 283 might be undesirable, because when the reticulum subsequently relaxes, it will less likely re-284 fill quickly with highly fluid ingesta necessary for the buoyancy-based separation mechanism. 285
In such a case, retaining a certain proportion of fluid in the reticulum by means of incomplete 286 reticular contractions may be more appropriate (Fig. 6a) . Then ingesta entering the chamber 287 during relaxation can quickly be submitted to the next separation cycle. Therefore, the 288 reticular crests of browsers might be shallow to prevent complete closure of the reticular 289
lumen. 290
In grazers, with a more pronounced rumen contents stratification and a more distinct 291 fluid pool in the ventral rumen, the reticulum will likely be re-filled quickly with fluid after a 292 complete contraction. In such species, a complete contraction and re-filling with fluid ventral 293 rumen contents might even be beneficial, as the particle separation process due to buoyancy 294 and the 'filter-bed effect' (Faichney 2006 higher proportion of 'pre-sorted' material by complete contraction (Fig. 6b) . 297
Overall, the reticular crests might not have a mechanical 'trapping' function but serve to 298 support reticular contractions and lumen reduction in two ways. First, the reticular mucosa is 299 only firmly anchored to the Tunica muscularis (the layer of smooth muscles covering the 300 whole reticulum) by means of elastic fibres at the very centre of the honeycomb structures 301 (Schels 1956 ); the rest of the reticular mucosa can be moved against the Tunica muscularis. 302
As the smooth muscles in the wall of the reticulum, the Tunica muscularis, contract, the 303 reticular crests are pressed together and help to reduce the lumen by forming a 'secondary, 304 elevated inner surface' in the reticulum (Hofmann 1969 Fig. 6 ) -which will be the higher the higher the crests are in the relaxed 306 state. Secondly, the primary and sometimes the secondary crests are equipped with a string of 307 smooth muscle at their luminal tip, the Muscularis mucosae, that serves to contract these 308 crests (Würfel 1908 
